In the present study, titanium (Ti) powders containing some nitrogen (N) atoms were prepared by a gas (N 2 )-solid (Ti starting powder) direct reaction process, and consolidated as an extruded rod with high strength and ductility at ambient temperature. Nitrogen content of the Ti powders via the gas-solid direct reaction process dramatically increased as the treatment time increased while no change in the oxygen content. Ti 2 N layers were formed at Ti powder surfaces via the above gas-solid reaction, however, no formation of Ti 2 N compounds was found in the extruded Ti materials. That is, the solid solution of N atoms in ¡-Ti was complete, and expected to enhance the mechanical strength of Ti materials. 0.2% yield strength (YS) and ultimate tensile strength (UTS) of wrought Ti-N materials were proportional to the additive nitrogen content, and the decrease of elongation was very limited. For example, the extruded Ti powder material with nitrogen content of 0.74 mass% revealed 974 MPa in 0.2%YS, 1120 MPa in UTS and 21.7% in elongation. These tensile properties were superior to those of the conventional Ti6Al-4V alloy with the standard specification of ASTM B348-00-GR5 (0.2%YS: 918 MPa, UTS: 1047 MPa, elongation: 16.6%).
Introduction
Titanium (Ti) and its alloys have recently attracted considerable attention as key materials to resolve the increasing energy demands and the limited supply of energy resources because of their unique characteristics such as low density, high specific strength and excellent corrosion resistance. Ti-6Al-4V alloy, having remarkable mechanical strength, is one of the most popular Ti alloys, which has been successfully used in more than 50% of the industrial applications utilizing Ti and its alloys. It is widely used across various industrial applications. For example, aerospace, automotive, surgical implants and chemical processing plants, all use the Ti alloys. 13) In particular, they are quite important to reduce the weight of aircraft components from a view point of both CO 2 emission reduction and fuel efficiency improvement. 4) Furthermore, they are free from an electrochemically galvanic corrosion between a carbon composite like carbon fiber reinforced plastics (CFRP). Accordingly, Ti alloys are suitable for aircraft applications, especially the advanced aircrafts using a large amount of carbon composites like the newest Airbus A350 XWB and Boeing 787 Dreamliner. However, their poor plastic formability and the use of expensive rare earth as alloying elements in these Ti alloys, such as vanadium (V), molybdenum (Mo) and niobium (Nb), have hindered their application fields from spreading extensively. Therefore, the cost-effective Ti materials with cost effective alloying elements like ubiquitous elements and resulting superior mechanical performances need to be developed.
Utilizing ubiquitous light elements (ULEs) like oxygen (O), nitrogen (N), carbon (C) and hydrogen (H) as reinforcements is a promising strategy for developing the novel light metal materials having excellent combination of high specific strength and cost-effectiveness. In the present study, instead of the conventional rare earth alloying elements, nitrogen, one of the ULEs, was employed as an interstitial solid solution strengthening element for Ti to achieve the novel Ti materials with outstanding mechanical properties. Nitrogen can dissolve in ¡-Ti to form an interstitial solid solution in large amounts of approximately 20 at%, 5) which showed a dramatically high hardness response and tensile strengthening in the Ti matrix. 5, 6) The Ti powders with various nitrogen contents were prepared by a gas (N 2 )-solid (Ti starting powder) direct reaction process. In order to consolidate the Ti powders containing additive nitrogen, a spark plasma sintering (SPS) technique and subsequent hot extrusion were performed to fabricate extruded powder metallurgy (P/M) Ti-N materials. The effects of nitrogen addition on microstructure and mechanical properties of Ti-N powders and their wrought materials were discussed in detail.
Experimental Procedure
Ti powder (TC-450, TOHOTEC) shown in Fig. 1(a) , having a median particle size of 21.9 µm, was employed as a starting material in this study. The impurity contents of the present powder were Fe; 0.03, Si; <0.01, Mn; <0.01, Mg; <0.001, Cl; 0.001, C; <0.01, N; 0.02, O; 0.21, H; 0.03 (in and schematic illustration of gas-solid direct reaction process of Ti powders in N 2 gas flow (b). mass%). The nitrogen content of Ti powders was controlled by changing the treatment time in N 2 gas atmosphere. The starting powders were heated in a horizontal tube furnace (ARF-2-500, Asahi rika) at 873 K for 0 (Ti starting powder)-10.8 ks in N 2 gas flow of 5 L/min. A schematic illustration of the gas-solid direct reaction (N-treatment) process for Ti powders is shown in Fig. 1(b) . The N-treated powders were consolidated into columnar billets having 42 mm of diameter and approximately 25 mm of height by SPS system 711) (SPS-1030S, SPS Syntex Inc.) at 1273 K for 1.8 ks with 30 MPa pressure in vacuum (< 6 Pa). The boron nitride (BN) spray (Whity Release, Audec) was employed to prevent a reaction between the Ti powders and SPS carbon die during sintering. Further, in order to obtain completely full dense materials, hot extrusion process was applied to the SPSed billets. Before hot extrusion, the billets were pre-heated to 1273 K and kept for 180 s under an argon (Ar) gas atmosphere. The billets were then immediately extruded using a hydraulic direct press machine (SHP-200-450, Shibayamakikai Co.) with the maximum load capacity of 2000 kN. The extrusion ratio and speed were set at 38 (43 mm ¼ 7 mm) and 3 mm/s, respectively. The temperature of the mold (internal diameter: 43 mm) and die (diameter of die hole: 7 mm) used for hot extrusion was 673 K. The final diameter and length of the extruded rods were 7 mm and approximately 500 mm, respectively.
With these extruded rods, the microstructures and phase characterization of each sample were evaluated using an optical microscope (OM, BX-51P, OLYMPUS), a field emission scanning electron microscope (SEM, JSM-6500F, JEOL), a field emission electron probe microanalyzer (EPMA, JXA-8530F, JEOL) and an X-ray diffraction (XRD, XRD-6100, SHIMADZU). In the sample preparation, the extruded rods were sectioned parallel to the extrusion direction, abraded with #2404000 SiC abrasive papers, and subsequently buffed with 0.3 and 0.05 µm Al 2 O 3 particles. The specimen surfaces after each step were carefully rinsed in ethanol with ultrasonic vibration. The polished specimens were then etched in a solution of 1 vol%HF-5 vol%HNO 3 -94 vol%H 2 O. The average grain size of ¡-Ti phase was measured by image analyses of the OM photographs using an image processing software (Scanning Probe Image Processor 5.0.7, Toyo). The extruded round bars were also machined into tensile specimen with 3.0 mm in diameter and 10.0 mm in gauge length. The ambient tensile properties were evaluated using a universal testing machine (AUTOGRAPH AG-X 50kN, SHIMADZU) under a strain rate of 5.0 © 10 ¹4 /s. The strain was recorded using a CCD camera system connected to the testing machine. Two tensile specimens were machined for each sample in order to obtain an average value and to determine the reproducibility of the results. Hardness tests were carried out by using a Vickers micro hardness tester (HMV-2T, SHIMADZU) with a testing load of 1.961 N (Hv0.2) for 15 s at room temperature. The nitrogen and oxygen contents of the SPSed materials were measured with an oxygen, nitrogen and hydrogen analyzer (EMGA-830 OK, HORIBA). The sample is loaded into a graphite crucible, where a high current passes through the crucible to create a high temperature (up to 3273 K) in the impulse furnace. The gases extracted during the fusion are directly analyzed after the dust filter. The nitrogen and oxygen contents in the samples were determined by a thermal conductivity detector (TCD) and a non-dispersive infrared analyzer (NDIR), respectively.
Results and Discussions

Characterization of N-treated Ti powders
SEM observation results exhibiting appearances of the Ti powder after 7.2 ks (120 min) of N-treatment process (denoted as "N120 powder") are shown in Fig. 2 . Locally sintered powders due to the N-treatment process at 873 K can be observed in micro-scale ( Fig. 2(b) : obtained under higher magnification). However, no sintering phenomenon in macro-scale occurred in not only N120 powder (Fig. 2(a) ) but also the other N-treated powders with any treatment time, which means Ti starting powders still maintained powder state after the N-treatment process. Moreover, according to the above results, it is indicated that the Ti powders via gassolid direct reaction process can be also employed as starting materials for powder metallurgy routes.
Nitrogen and oxygen contents of each N-treated Ti powder were illustrated in Fig. 3 . In order to remove the influence of residual air existing in the pore between powders, the solid samples consolidated by SPS were prepared for the measurements of nitrogen and oxygen contents. Nitrogen content gradually increased as the treatment time increased. N180 powder exhibited the highest nitrogen content of 0.90 mass% in the present research, which was a remarkably high nitrogen level compared to those reported in the previous On the other hand, oxygen content in all of the samples was almost same: approximately 0.2 mass%, which was equal to that of Ti starting powder. Accordingly, it can be concluded that the nitrogen content of the Ti powders via the N-treatment process is simply controlled by changing the treatment time, and not by varying oxygen content.
Ti and N mapping images at cross section near the surface of N180 and N0 (Ti starting) powders, captured by EPMA, are presented in Fig. 4 . N concentrated layers were observed at the powder surface of not N0 powder (Fig. 4(b) ) but only N180 powder (Fig. 4(a) ) with high N content as mentioned in Fig. 3 . XRD analysis results for N0-180 powders are shown in Fig. 5 . A small peak at 39.3°attributed to Ti 2 N, confirmed with a standard ICDD PDF card, was detected in addition to the peak attributed to ¡-Ti, and the Ti 2 N peak intensity increased in proportion to the N-treatment time, which suggests that the N concentrated layers existing on the surface of the N-treated powders could be recognized as Ti 2 N compound phase. Such Ti 2 N compound layer can be formed on Ti surface during nitriding like the N-treatment process employed in this research.
13) The formation and growth of Ti 2 N layer as mentioned in Fig. 4 and Fig. 5 means that nitrogen distribution in each N-treated powder, particularly in the powders with higher nitrogen contents, was never uniform.
The lattice parameters of a-axis and c-axis of ¡-Ti hexagonal close-packed (hcp) structure were calculated from the XRD peak shifts.
14) The obtained lattice parameters of N0-180 powders as function of nitrogen content are illustrated in Fig. 6 . In general, the interstitial solid solution of hetero-atoms like nitrogen and oxygen in ¡-Ti caused the expansion of c-axis while a-axis was much less affected by them. 5, 12) However, almost no changes in not only a-axis but also c-axis, suggesting no solid solution of nitrogen atoms in the N-treated powders, were observed in Fig. 6 , which is consistent with the results of microstructural analysis on the N-treated powders described in Fig. 45 . Consequently, the solid solution of nitrogen atoms, induced via the N-treatment process, into Ti powder inside was not finished at all from a view point of homogeneity.
Microstructure and mechanical properties of ex-
truded materials Optical microstructures with average grain sizes (d) of extruded N0/60/120/180 specimens are shown in Fig. 7 . The extruded N60 (Fig. 7(b) ), N120 (Fig. 7(c) ) and N180 ( Fig. 7(d) ) specimens, containing additive nitrogen induced via the gas-solid direct reaction process, exhibited the almost same microstructures as extruded N0 (Fig. 7(a) ) specimen with the equiaxed ¡-Ti grains via dynamic recrystallization during hot extrusion. The grain sizes were gradually refined from 13.0 µm of N0 to 6.3 µm of N180 with the increase of nitrogen content, owing to the solute drag effect which prevents a grain boundary from migrating.
1517) The microstructures consisted of such finer grains are expected to improve mechanical performances.
1820)
XRD analysis results for the extruded N0-180 specimens are shown in Fig. 8(a) . Without any other compound like Ti 2 N, only the XRD peaks of ¡-Ti were detected in all of the extruded materials. Moreover, the XRD peaks shifted to a lower angle as shown in Fig. 8(b) , which suggests that the additive nitrogen atoms were dissolved into the crystal lattice of ¡-Ti and the interstitial solid solution of hetero-atoms were formed. The lattice parameters of a-axis and c-axis of ¡-Ti hcp structure, calculated from the same aforementioned peak shifts as Fig. 6 , are illustrated in Fig. 9 . The lattice parameter of not a-axis but c-axis increased as nitrogen content 
(b) N60
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Extrusion direction increased. Furthermore, the gradient between lattice parameter of c-axis and nitrogen content in the present research is 5.28 © 10 ¹4 nm/at%, which substantially agreed with the value reported by H. T. Clark, Jr. 21) (6.75 © 10 ¹4 nm/at%). According to these results, it can be concluded that the Ti 2 N layer, synthesized on Ti powder surface via gas-solid direct reaction process, was completely dissolved into the ¡-Ti matrix as solute nitrogen atoms during the solid-state consolidation process consisted of SPS and hot extrusion. This phenomenon could be explained by Ti-N phase diagram 22) based on the total nitrogen content of the wrought Ti-N materials (as low as 2.98 at% in N180), which was significantly low level compared with the maximum solubility of approximately 20 at% at consolidation temperature of 1273 K. Therefore, the interstitial solid solutions of additive nitrogen atoms are expected to enhance the mechanical strength of the wrought Ti-N materials. 5, 6, 12) In addition, the similar peak intensity ratio obtained from the XRD profiles suggests that the crystallographic texture of the Ti matrix was not significantly influenced by nitrogen addition in the range of this study.
Vickers micro hardness values of the extruded Ti-N materials are presented in Fig. 10 . The average hardness was increased as the nitrogen content was raised from 0.22 mass% (N10) to 0.90 mass% (N180) and reached maximum value with the nitrogen content of 0.90 mass%. The maximum hardness of the extruded N180 specimen was 413 (Hv0.2), which was a 62% increase over the 254 (Hv0.2) obtained from the extruded N0 specimen with nitrogen content of 0.02 mass%. The room temperature tensile test was carried out in order to assess the mechanical behavior of the extruded Ti-N materials, and the obtained stress-strain curves are illustrated in Fig. 11 . Tensile strength was increased when the nitrogen content was raised from 0.22 mass% to 0.90 mass%, which is same behavior as that of hardness values mentioned above, and reached an extraordinary combination of both excellent strength and sufficient ductility with the additive nitrogen content of 0.74 mass% (N120). The ultimate tensile strength (UTS) of the extruded N120 specimen was 1120 MPa, which was an 82% increase over the 617 MPa obtained from the extruded N0 specimen. Moreover, the 0.2% yield strength (YS) was 974 MPa, which was a 122% increase compared to the extruded N0 specimen having 0.2%YS of 439 MPa. The improvement in mechanical strength is generally accompanied by a loss of ductility, nevertheless the elongation decreased from 29.6% to 21.7% in the present study, indicating that the mechanical strength was remarkably improved with little sacrifice in ductility with the 0.72 mass% nitrogen additive, owing to the homogeneous solid solution structures with additive nitrogen atoms induced via the gas-solid direct reaction and solid-state consolidation techniques using P/M processing. The theoretical 0.2%YS increments of these extruded Ti-N materials estimated by Labusch model, 23, 24) which gives the breakthrough stress to release dislocation from solute atoms as obstacle, agreed well with the experimental values after removing the effect of grain refinement by using the Hall-Petch relationship. 25) It is clarified that the extruded Ti-N materials were chiefly strengthened by solid solution hardening mechanism by nitrogen induced via gas-solid direct reaction process. In addition to that mechanism, the other strengthening mechan- ism of grain refinement, caused by the solute drag effect of dissolved nitrogen atoms as mentioned in Fig. 7 , also improved the mechanical strength of the extruded Ti-N materials.
Conclusion
In order to improve the mechanical performances of extruded Ti materials at room temperature, the gas-solid direct reaction treatment using nitrogen (gas) as a solid solution strengthening element was applied to Ti starting powders (solid). The nitrogen content of N-treated Ti powders dramatically increased up to 0.90 mass% of the N180 sample in the present study. On the other hand, there was no change in the oxygen content of the powders (approximately 0.2 mass%: same as that of Ti starting powders). The solid solution of nitrogen atoms into the inside of the N-treated Ti powders was never finished from a stand point of homogeneity. However, via the solid-state consolidation process consisted of SPS and hot extrusion, their extruded materials had the homogeneous interstitial solid solution structures of hetero-atoms in ¡-Ti with additive nitrogen atoms. The extruded Ti-N materials having an equiaxed ¡-Ti phase exhibited finer grain sizes compared to the extruded N0 specimen. This was caused by the solute drag effect of additive nitrogen. As a results, notable augmentation in the tensile properties was found to be achieved in the extruded Ti-N materials. In particular, the extruded N120 specimen with nitrogen content of 0.74 mass% revealed 974 MPa in 0.2%YS and 1120 MPa in UTS, which were 122% and 82% increase from those of the extruded Ti specimen, respectively. Furthermore, sufficient elongation of 21.7% was retained by the extruded N120 specimen. These properties were superior to those of the conventional Ti-6Al-4V alloy with the standard specification of ASTM B348-00-GR5 (0.2%YS: 918 MPa, UTS: 1047 MPa, elongation: 16.6%).
